The complicated nuclear quadrupole hyperfine structure and methyl torsional fine structure in the rotational spectra of N,N-dimethylformamide and N-nitrosodimethylamine have been studied using microwave Fourier transform spectroscopy. It has been found that both molecules are rather similar in terms of their parameters of methyl group internal rotation as well as in terms of their amino nitrogen quadrupole coupling constants.
Introduction
The first microwave studies on dimethylformamide (DMF), (CH 3 ) 2 NCHO, and N-nitrosodimethylamine, or dimethylnitrosamine (DMNA), (CH 3 ) 2 NNO, have been reported in 1973 by Elzaro et al. [1] and in 1972 by Scappini et al. [2] , respectively. In the former work, the authors came to the conclusion that DMF has a planar heavy atom geometry and an intermediate barrier of about 1 kcal/mol to internal rotation of the eis methyl group. No nuclear quadrupole hyperfine structures in the spectra had been resolved.
The latter work on DMNA, and subsequent studies on several isotopomers by the same group [3, 4] , showed that this molecule also has a planar skeleton, but high barriers to internal rotation of the methyl groups, as there was no resolvable torsional fine structure; on the other hand, for this molecule the quadrupole coupling constants for both of the nitrogen nuclei have been determined from analyses of the spectra of the mono- 15 N substituted isotopomers.
Microwave Fourier transform (MWFT) spectroscopy offers the advantages of both superior resolving power and potentially higher sensitivity compared to conventional Stark spectroscopy. The present study was undertaken with the initial goal to exploit these advantages to fully resolve nuclear quadrupole hyperfine structures, in order to obtain coupling constants of high precision. It turned out later that the torsional fine structures also showed very interesting features, and that it was possible to obtain all the barriers to internal rotation of the methyl groups, i.e. for both methyl groups in both molecules.
Experimental Methods
Both DMF and DMNA are rather common chemicals. We used commercial samples without further purification.
The static gas experiments were performed at temperatures of about -30 °C, and at pressures of about 0.1 Pa (0.8 mTorr). For the molecular beam experiments, the vapor above liquid DMNA at room temperature was diluted with argon at about 1 bar stagnation pressure.
The rotational spectra of both DMF and DMNA are dominated by numerous a Q-branch transitions.
On the other hand, the highest a R-branch transitions within the range of our spectrometers (4-40 GHz) were the ones with J, K a = 5, 3-4, 3. Only very few b-type transitions have been recorded because the ratio of the dipole moment components \xjn a is rather small in both molecules. In the molecular beam experiments on DMNA (see below), only the lowest Rbranch transitions have been recorded.
The experimental work was carried out in three stages:
Initially, a fairly large number of a Q-branch transitions and the transitions J, K a , K c = 1 0tl -0 o 0 and 0932-0784 / 93 / 0400-570 $ 01.30/0. -Please order a reprint rather than making your own copy. ,i-li,o of DMNA were recorded using waveguide MWFT spectrometers in the frequency range 5.3-26.4 GHz [5] [6] [7] [8] . The analysis of these transitions yielded relatively precise coupling constants and also torsional parameters for one of the methyl groups of DMNA, since most of the higher-K a a Q-branch transitions clearly showed doublet splittings of all hyperfine components. It was at first not clear, which methyl group (eis or trans with respect to oxygen) was responsible for these splittings; in either case, the barrier to internal rotation had to be on the order of 2 kcal/mol.
To shed some light on this problem, in the second stage we studied the spectrum of DMF in more detail than had previously [1] been possible. Here, a eis methyl group torsional barrier of only about 1 kcal/ mol had been determined by Elzaro et al. [1] . Our work in the frequency ranges 5.3-18 GHz [5] [6] [7] and 26.4-40 GHz [9] clearly revealed the hyperfine structures and the smaller trans methyl group torsional splittings. The measured transitions are given in Tables 1 and 2, the determined parameters (see next section) in Tables 3 and 4 .
Quantum chemical ab initio calculations at the 4-31 G* level (program Gaussian 86 [10] ) confirmed that the eis torsional barrier in DMNA should also be considerably lower than the trans barrier. These findings, together with the somewhat anomalous inertial defects in DMNA-h 6 and trans DMNA-d 3 found by Guarnieri and Nicolaisen [4] , led us to the suspicion that DMNA might have a rather low eis methyl group torsional barrier, even lower than the corresponding barrier in DMF. In this case, the torsional fine structure splittings might have been so wide that the corresponding lines had eluded detection.
In the third stage, we therefore concentrated on the lowest R-branch transitions of DMNA and used our molecular beam (MB-) MWFT spectrometer [11, 12] to locate the missing torsional satellites. Because of the geometrical situation, a low barrier to internal rotation of the eis methyl group should mainly influence the effective B rotational constant; thus, the position of the transition 1 x^-Oq 0 (the frequency of which does not depend on B, and which had not been studied previously) should not be affected too much. Indeed, we found a pattern made up of the expected seven hyperfine components, each split into five torsional satellites (intensity ratio approx. 2:2:1:2:1). Subsequently, we also found torsional satellites for the low J a R-branch transitions. Here, the torsional splittings were between 40 and 90 MHz (Table 6 )! The hyperfine patterns for the J = 2-1 transitions were very complicated (Table 5) , each showing about a dozen identifiable hyperfine components, each of these in turn split into doublets {a x = 0, o 2 = 0, ±1) plus triplets (a l = ±1, ff 2 =0, ±1, +1); here, o denotes the torsional sublevels [13] . The hyperfine patterns were in all cases virtually identical for all torsional sublevels.
Because these results were already sufficient to determine the eis methyl group torsional barrier (assuming reasonable values for the internal rotor's moment of inertia, and the angle between the internal rotation axis and the principal axis, from structural arguments), we decided not to reinvestigate the a Q-branch spectrum; for the expected huge splittings, model errors are likely to make the analysis of these lines unreliable. Table 2 . Hyperfine free centre frequencies of torsional fine structure components of rotational transitions of dimethylformamide. v = centre frequencies of <r 1 a 2 = 00 components (in MHz), <5v = deviations from frequencies calculated with constants from Table 3 (in kHz), Av = torsional splittings referred to G x O 2 = 0 0 components (in MHz), Mv = observed-calculated splittings (in kHz; primed: fit II, double primed: fit I). 
Analysis

General
Nuclear hyperfine structures were analysed using a first order hamiltonian of the form H = H R + H Q [14] . In the case of DMNA we used the "parallel" coupling scheme / 1 +/ 2 =/, I + J = F. The coupling energies being very small compared to the rotational energies, the neglect of matrix elements of H Q off-diagonal in the quantum number J was justified.
The torsional splittings in the spectrum of DMF, and the smaller splittings in the spectrum of DMNA, were analysed using a perturbational approach based on the high barrier approximation. The programs used (AC3IAM/FC3IAM) [15] ) are based on the internal axis method and able to fit the parameters The torsionally perturbed low-J lines of DMNA were analysed using a more elaborate procedure, which included off-diagonal matrix elements in the torsional quantum number v via a Van Vleck-perturbational approach (program VC3IAM [16] ). In this case, the rotational constants and torsional parameters were fitted simultaneously to the observed frequencies of Table 6 . In all other cases, the centre frequencies of the nuclear quadrupole patterns of the lines belonging to the totally symmetric species, cr j o2 = 00 (Tables 2 and 8 ) were subjected to a fit of all sublevels are degenerate in 1st order.
effective rotational and quartic centrifugal distortion constants.
DMF
The different models which were used to analyse the data are of varying quality. Therefore we first determined the nitrogen quadrupole coupling constants using the lines of the totally symmetric torsional species c 2 = 0, 0). In this fit, the hypothetical centre frequencies of the lines were treated as fit parameters. Table 6 . Hyperfine free centre frequencies of fine structure components <7^2 = 00 and 1 0 of rotational transitions of N-nitrosodimethylamine, v = hyperfine free centre frequencies (in MHz), <5v = observed-calculated frequencies (in MHz). 11 4 7 11 4 These centre frequencies were then used to determine the rotational and quartic centrifugal distortion constants. These, and the coupling constants, are presented in Table 3 . The torsional splittings were evaluated from corresponding isolated hyperfine structure components. Because small (< 100 kHz) and large (> 50 MHz) torsional splittings occur (see Table 2 ), a fit of four torsional parameters (wj and 9 for both methyl groups) to all measured splittings produced unreliable results for the parameters of the trans methyl group (which has a relatively high hindering potential and therefore produces small splittings on the order of the overall root mean square deviation of the torsional fit). We therefore used only the fully resolved R-branch transitions J, K a = 4, 3-3, 3 and the splittings between the components o x , o 2 = 0, 0 and 0, 1 of a number of Qbranch transitions to determine the torsional parameters H'j and 9 of both methyl groups. The moments of inertia of both methyl groups were indeterminable and had to be fixed at assumed values. In a second fit, we included the remaining torsional splittings up to Table 8 . Hyperfine free centre frequencies of torsional fine structure components a 2 = 0 0 of rotational transitions of N-nitrosodimethylamine. -v = hyperfine free centre frequencies (in MHz), <5v = observed-calculated frequencies (in MHz) (see Table 10 ). 50 MHz but kept the torsional parameters and 9 of the trans methyl group fixed at the values from the first fit. The results for the potential barrier are significantly different in the two fits (Table 4) ; the remaining deviations in the second fit are, however, clearly systematic (see second last column of Table 2 ) and therefore less reliable than the results of the first fit. Table 9 . Spectroscopic parameters a of N-nitrosodimethylamine. s = reduced potential barrier, w t = first Fourier coefficient, (1) = amino nitrogen, (2) = nitroso nitrogen atom, X-= Xbb ~ Xcc • See also 
DMNA
In the case of DMNA, the problems mentioned above concerning the accuracy of the torsional model are even more severe. This is partly because the torsional effects, and also the model deficiencies, are greater for the eis methyl group of DMNA, and partly because some frequencies have been obtained with higher precision through the use of the molecular beam technique. Only these latter recordings were finally used to obtain the nitrogen quadrupole coupling constants for both nitrogen nuclei (Table 9) , and the hypothetical centre frequencies of the quadrupole patterns of the torsional species o x , a 2 = 0, 0 and 1, 0 of the five lowest rotational transitions (Table 6 ). All Q-branch transitions, measured with the waveguide spectrometers, were only used to evaluate the torsional splittings between the components ff lf a 2 = 0, 0 and 1,0 and the centre frequencies of the a lf <r 2 =0,0-species. Nevertheless, because the torsional splitting of the fr-type transition li,i-0 o>o was smaller than the residual root mean square deviation of a fit of the rotational constants plus two torsional parameters (F 3 and 9) to the centre frequencies obtained with the molecular beam instrument, we fixed one of the torsional parameters (0) at the only value which reproduced the pattern of this crucial transition. This procedure, although statistically equivalent to the use of widely different weighting coefficients for data of comparable precision, is justifiable in this case since the deviations are largely introduced through model deficiencies, and probably proportional to the size of the torsional effects.
Results and Discussion
The most noteworthy result of this work is the resolution of an apparent dissimilarity between the two isoelectronic molecules DMF and DMNA: the potential barriers hindering internal rotation of the methyl groups are, contrary to earlier results, of comparable magnitude. For the trans methyl group, the reduced potential barriers are s = 62.0(6) for DMF and 58.4(11) for DMNA; for the eis methyl group, these values are 30.03(3) for DMF and 11.78(2) for DMNA. The relatively low barriers for the eis methyl groups are probably caused by a cancellation effect: the leading terms in the contributions of the trans methyl group and the formyl/nitroso group to the hindering potential have opposite phases (because they are geometrically opposite to each other), so that only their difference is effective. The same is true for the trans methyl groups; however, here one of the two contributions is apparently dominant. The angles between the internal rotor axes and the principal inertial axes are in all cases in accordance with plausible structures; as there are as yet no reliable structural analyses, these angles can only be used unambiguously to identify the methyl groups (eis or trans).
A comparison of the two molecules can also be made in terms of the nitrogen quadrupole coupling constants, in particular of the components xcc the amino nitrogen atom. The values are y cc = -4.364(2) MHz for DMF, and xcc = -4.150(3) MHz for DMNA. Both values are considerably more positive than in trimethylamine (/ cc = -5.39 MHz [17] ), and indicate significant derealization of the electron pair towards the oxygen atom in the respective functional group. This effect appears to be even more pronounced in DMNA than in DMF, as indicated by the more positive value of XccFinally, it is interesting to compare the inertial defects A = I aa + I bb -I cc of the two molecules. Using the effective rotational constants of Tables 3 and 10 , the values obtained are 6.38 amuÄ 2 for DMF, and 5.94 amuÄ 2 for DMNA (using the conversion factor 505 379 MHz amuÄ 2 ). The discrepancy is obvious, since in both cases two pairs of methyl protons are not coplanar with the heavy atoms. If one uses instead the rotational constants of DMNA from Table 9 , which were obtained accounting for the torsional effects of the eis methyl group, the value of A is 6.36 amuÄ 2 .
This is much closer to the corresponding number for DMF. (There are also torsional effects on the rotational constants from both methyl groups in DMF, and from the fra/is-methyl groups in DMNA; these are, however, much smaller.) This shows that one has to account properly for torsional effects if structural conclusions are to be drawn. Therefore, the substitution structure of DMNA of [3, 4] needs a correction. It is possible that the heavy atom coordinates are not affected too much by the neglect of the torsional effects; the hydrogen coordinates, however, must be the subject of a further investigation.
